Reaction cross sections of the deformed halo nucleus 31 Ne 
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Using the Glauber theory, we calculate reaction cross sections for the deformed halo nucleus 
31 Ne. To this end, we assume that the 31 Ne nucleus takes the 30 Ne + n structure. In order to take 
into account the rotational excitation of the core nucleus 30 Ne, we employ the particle-rotor model 
(PRM). We compare the results to those in the adiabatic limit of PRM, that is, the Nilsson model, 
and show that the Nilsson model works reasonably well for the reaction cross sections of 31 Ne. We 
also investigate the dependence of the reaction cross sections on the ground state properties of 31 Ne, 
such as the deformation parameter and the p-wave component in the ground state wave function. 
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I. INTRODUCTION 

Interaction cross sections as well as reaction cross sec- 
tions are intimately related to the size of nuclei [3, 0]. 
Using this property, the halo structure has been found 
in some light neutron-rich nuclei. This is a spatially ex- 
tended density distribution of valence neutrons, and has 
been first recognized in 11 Li by Tanihata et 
root-mean-square radius diverges for s and 
the single-particle energy approaches to zero 
halo structure has been ascribed to an occu 
I = or I = 1 orbit by the valence neutron ^ 
and 19 C have been regarded as s-wave halo nuclei, and 
6 He Q is an example of a p-wave halo nucleus. 

A large interaction cross section for 31 Ne was recently 
observed by Takechi et al. @. This observation sug- 
gests the extended density distribution for 31 Nc, that 
is, the halo structure, being consistent also with a large 
Coulomb breakup cross section measured by Nakamura 
et aL[Io|. Takechi et al. have analyzed the data using 
single particle levels in a deformed potential and argued 
that 31 Ne is an s- or p- wave halo nucleus @. 

The ground state properties for 31 Ne have not been 
known well. For example, the one neutron separation en- 
ergy S„ = 0.29 ± 1.64 MeV has a large uncertainty 
and the spin and parity have not yet been determined. 
In the core nucleus 30 Ne, the candidates for the first ex- 
cited 2 + and 4 + states have been experimentally observed 
at excitation energies of 0.801 MeV and 2.24 MeV, re- 
spectively dHHH. The energy ratio E 4 + / E 2 +~2.80 sug- 
gests this nucleus to be a transitional one in comparison 
with the ratio 3.33 for well-deformed nuclei. Hamamoto 
has carried out the Nilsson model calculation with a de- 
formed Woods-Saxon potential and argued that the [330 
1/2], [321 3/2], and [200 1/2] Nilsson levels occupied by 
the valence neutron can hold the halo structure [Tj] . The 
[330 1/2] and [321 3/2] configurations lead to r = 3/2", 
while the [200 1/2] leads to r = 1/2+ for the spin and 
parity of the ground state of 31 Ne in the laboratory frame. 

In the previous publication, we used a particle-rotor 
model (PRM) |15| - |2C| to analyze the experimental data 
for the Coulomb breakup cross section and discussed the 



ground state configuration for the 31 Ne nucleus [2l[. No- 
tice that the Nilsson model corresponds to the adiabatic 
limit of PRM. We have shown that the ground state con- 
figuration corresponding to the [321 3/2] Nilsson orbit 
can be excluded if the finite rotational excitation energy 
of the core nucleus is taken into account [2l[ . 

In this paper, we apply the same model to the reaction 
cross section of 31 Ne. The effect of deformation on the 
reaction cross section of the 31 Ne nucleus has been dis- 
cussed recently by Minomo et al. using the microscopic 
optical potential model [22, [23| , and has been shown to 
play an important role. It would thus be of interest to dis- 
cuss the role of deformation in the reaction cross section 
of 31 Ne using the PRM as an alternative approach, which 
has been successful in reproducing the Coulomb breakup 
cross section. Notice that reaction cross sections with de- 
formed projectiles have been evaluated by Christley and 
Tostevin with the optical limit Glauber theory (24[. We 
will extend it to a system of deformed core nucleus plus 
a valence neutron, based on the formalism given in Rcf. 
[2Fjj for single-nucleon knockout reactions. 

The paper is organized as follows. In Sec. II, we sum- 
marize the framework of PRM and the calculation proce- 
dure for the reaction cross section. In Sec. Ill, we present 
the results of the reaction cross section for 30 ' 31 Ne. We 
discuss the effect of the finite rotational excitation en- 
ergy on the reaction cross section. We investigate also 
the dependence of the reaction cross section on the de- 
formation, the ground state configuration, and the rms 
radius of 31 Ne. In Sec. IV, we summarize the paper. 



II. FORMALISM 



A. Particle-rotor Model 



In order to compute the reaction cross section of the 
31 Ne nucleus, we assume that it consists of the statically 
deformed core nucleus 30 Ne and one valence neutron as 
shown in Figure 1. The relevant coordinate systems are 
also shown in the figure. In this model, the single particle 
motion of the valence neutron is coupled to the rotation of 
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FIG. 1: (Color online) The coordinates which define a system 
of the deformed core nucleus 30 Ne plus a neutron, z denotes 
the symmetry axis for the deformed core nucleus 30 Ne. r and 
f c are the coordinates for the valence neutron and the direc- 
tion of the symmetry axis of the core nucleus in the laboratory 
frame, respectively. r cn is the angle between r and r c . 



the deformed core nucleus. For simplicity, wc assume the 
axially symmetric deformation for the core nucleus with 
the quadrupole deformation parameter fa. We consider 
the same Hamiltonian for this system as in Ref. 



H = -^V 2 + V(r,r c ) + H mt , 

2yU 



(1) 



where fj, = m^A c /(A c + 1) is the reduced mass of the 
valence neutron, with A c =30 and ton being the mass 
number of the core nucleus and the nucleon mass, re- 
spectively. -ff r ot is the rotational Hamiltonian for the 
core nucleus. V(r, r c ) is the single-particle potential for 
the valence neutron interacting with the deformed core. 
r and r c are the coordinates of the valence neutron and 
the direction of the symmetry axis of the core nucleus in 
the laboratory frame, respectively (see Fig. 1). We use 
a deformed Woods-Saxon potential for V and expand it 
up to the linear order of the deformation parameter fa 



as, 



V(r,f c ) ~ V (r) + Vdef (r,f c „), 



(2) 



where Vq is a spherical Woods-Saxon potential together 
with the spin-orbit (Is) force, and Vd e f is the deformed 
part of the potential given by, 



where Vq ^ (r) is the central part of the spherical Woods- 
Saxon potential, Vb(r), and r cn is the angle between r 
and r c . The deformation of the Is potential is neglected 
for simplicity. We have checked the validity of the ex- 
pansion up to the linear order of fa by comparing to the 
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(3) 



calculation with the higher order terms, and have con- 
firmed that it works well. 

Since the calculation of the reaction cross section needs 
only the ground state wave function of 31 Ne, it is suffi- 
cient to expand the wave function on the basis e.g., the 
cigen-functions of the spherical part Vo of the potential, 
Rnji {f)yjim {f") , where R n ji (r) is the radial wave function 
and 3^; m (f) is the spin-angular wave function. The con- 
tinuum spectrum can be discretized within a large box. 
Together with the rotational wave function </>/ c m c (Tc), 
the total wave function for the n+ 30 Ne system is ex- 
panded as, 



E E a njlh 
njl I c 



(IM) 



(4) 

where / is the spin of 31 Ne and M is its z-component. 
The expansion coefficients a„], T as well as the corre- 

sponding eigen-energies for the 31 Ne nucleus are obtained 
by numerically diagonalizing the Hamiltonian H. 

We identify the ground state configuration in the same 
manner as in the previous work [2l| . That is, we first 
solve the Hamiltonian in the adiabatic limit by setting 
if rot = in Eq. ([T]), that is, by assuming that all the 
members of the ground rotational band are degenerate 
in energy. In this case, the K quantum number, that is, 
the projection of the total angular momentum onto the 
z-axis in the body-fixed frame, is conserved, and several 
states with different /, having the same value of K, are 
degenerate in energy when the maximum value of I c in- 
cluded in the calculation is sufficiently large. The wave 
function in this limit is related to the wave function in 
the Nilsson model, 4>jiK, in the sense that it is a transfor- 
mation of the Nilsson wave function from the body-fixed 
frame to the laboratory frame. The cigcn-cncrgies so ob- 
tained thus form the single-particle Nilsson levels. The 
probability for the component in the Nilsson wave 
function is represented in the following relation: 



EE 



*njll c 



P 



(Nil) 



(5) 



which is independent of /. 

In order to construct the ground state, we put two 
neutrons to each Nilsson orbit from the bottom of the 
potential well, and seek the Nilsson orbit which is occu- 
pied by the last unpaired neutron. We then gradually 
increase the value of the 2 + energy of the core nucleus 
up to the physical value, E 2 + =0.801 MeV, and monitor 
how the Nilsson orbit for the valence neutron evolves. 
For a finite value of E 2 + , the K quantum number is not 
conserved any more due to the Coriolis coupling, and the 
degeneracy with respect to I is resolved. We select the 
lowest energy state among several / at E 2 + =0.801 MeV 
as the ground state of 31 Ne. In this way, we take into 
account the Pauli principle between the valence neutron 
and the neutrons in the core nucleus. 

We consider two configurations with the spin-parity of 
V = 3/2~ in the laboratory frame as candidates for the 
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ground state of 31 Ne. One with the deformation param- 
eter /?2 = 0.2 corresponds to the Nilsson level [330 1/2], 
and the other with fa = 0.55 corresponds to the Nilsson 
level [321 3/2] in the adiabatic limit where the rotational 
energy of the core nucleus is neglected. Following Ref. 
[12], we use the same Woods-Saxon potential parame- 
ters as those given in Table I of Ref. |26| . The depth of 
the Woods-Saxon potential is varied to reproduce the one 
neutron separation energy. We use a similar value for the 
energy cut-off for the single particle basis and a similar 
size of the box to discretize the continuum spectrum as 
in Ref. M. 



B. Reaction Cross Sections 

In this paper, we discuss the reaction cross sections 
for 30 ' 31 Ne on the carbon target. For simplicity, we ne- 
glect the effect of the Coulomb force. To verify this ap- 
proximation, we have calculated the Coulomb breakup 
cross sections of 31 Ne for the configuration with /32=0.2 
at the separation energy »S n =0.2MeV on the carbon tar- 
get using the method given by Ref. [2l|. The calculated 
Coulomb breakup cross section, 0.0033b, is indeed small 
as compared to the total reaction cross section, suggest- 
ing that the nuclear force dominantly contributes to re- 
action cross sections for 31 Ne on the carbon target. In 
order to compute the reaction cross sections, we use the 
Glauber theory where the eikonal approximation and the 
adiabatic approximation are adopted (27| . We closely fol- 
low the formalism in Ref. (25|, in which the PRM has 
been used to evaluate single-nuclcon knockout reactions 
of a deformed odd-A nucleus based on the Glauber the- 
ory. 

In the eikonal approximation, the final state \1/ / af- 
ter the collision is described with the initial state wave 
function ^P, as, 



= S $i = exp[i x ] % 



(0) 



where x IS the phase shift function. The reaction cross 
section of 31 Ne, defined as the difference between the 
total cross section and the elastic scattering cross section, 
is given with the ground state wave function of 31 Ne, 
^im, as, 



IM 



s c s v I * 



I Ml 



(7) 



where b is the impact parameter of the center of mass of 
the projectile nucleus 31 Ne colliding with the target nu- 
cleus. The S-matrix for the two-body projectile nucleus 
can be written by S ~ S C S V in the Glauber approxima- 
tion [28|, [2t|. Here, S c and S v arc S matrices for the 
core nucleus and the valence neutron, respectively. No- 
tice that, since the directions of r and r c are integrated 



in the whole space in Eq. ([7]) before the integration over 
b is carried out, the integrand does not depend upon the 
direction of b [25|. The reaction cross section erR( 31 Ne) 
thus reads 

a fl ( 31 Ne) = 2tt [ bdb (l - -3— £ 

x J dr J dr c S v S c F(r,r c ) ^, (8) 

where 

F(r,r c ) = a n'j'i'i^njii c K'j'i'(r)R n ji(r) 

n'j'l' I' c njll c 

X ^ (j'm'jl^m'jlIA^ijmjlcm^IM) 

m'j m/jTrijirii 

x y;/ l , m j(r)^(fc)yij mj (f)0/ o (fc). (9) 

Using the formula for the product of two spherical har- 
monics with the same angles, the function F is trans- 
formed to m 



F(r,r c 



where 



YLm L (r)Ycmc(rc)ULmLCm c (r), 

(10) 



n'j'l f I f c njll c krrik 

x R* n , j , v {r)R nj i{r) 



x (-) 



2j'-j+I' c +m k -^ {_ llcjck 

in 

x (IQI'0\L0)(I C QI' C 0\£0) 

x [IM k — mk\IM)(LmLCmc\kmk) 



1 



x W(l'j'lj;-L)^f j I. > (11) 
Ilk 



with j = \/2j + 1 and W being the Racah coefficients. 

In order to evaluate the iS-matrices, we employ the op- 
tical limit approximation for simplicity. Using the zero 
range interaction for the effective nucleon-nucleon inter- 
action, we evaluate the S matrices by folding the densities 
of the projectile and the target nuclei as, 

S c = exp[-a N N(l - iam)Xc(b c ,f c )/2], (12) 
S v = cxp[-o- NN (l - ia NN )x, l (fo„)/ 2 ] I ( 13 ) 

where 

X c (6 c ,r c ) = j dz c J dr' p c {r' ,r c )p T (\r' + R C \)(U) 

Xn(bn) = J dz n p T (Rn)- (15) 

Here, R c = {b c ,z c ) and R n — (b n ,z n ) are the coordi- 
nates of the center of mass of the core nucleus and the 
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valence neutron from the target nucleus, respectively. p c 
and p n are the densities of the core and the target nu- 
clei, respectively. We construct the density of the core 
nucleus 30 Ne with the Nilsson model. To this end, we use 
the original values for the potential parameters given in 
Table I of Ref . [26[ • For the density distribution for the 
target nucleus 12 C, we use a one-range Gaussian function 
whose width parameter is determined so as to reproduce 
the experimental root mean square radius, ctnn in Eqs. 
(|T2"j) and (JT3J) is the average value of the total cross sec- 
tions of the nucleon- nucleon scattering [3(| ■ Snn is also 
the average value of the ratio of the real to the imagi- 
nary part of the nucleon-nucleon scattering amplitudes. 
We use the experimental values for a ppi a pn , a pp and a pn 
for the incident energy 240 MeV/nucleon listed in Ref. 

Notice that the reaction cross section of the core nu- 
cleus 30 Ne is simply given by 



^( du Nc) 



db, 



1 

; 4tt 



V (l - \S C \ 2 ) , (16) 



with S c given in Eqs. <^ and ^ 



III. RESULTS 

We now numerically evaluate the reaction cross sec- 
tions for 30,31 Ne. The upper and the lower panels of Fig. 
2 show the results for the configurations with /3 2 = 0.2 
and 0.55, respectively. Since the measured one-neutron 
separation energy S n of 31 Ne has a large error bar, S„ = 
0.29 ± 1.64 MeV nil, we show the calculated reaction 
cross sections as a function of S n . The upper and the 
lower shaded regions in each panel indicate the exper- 
imental interaction cross sections for 31 Ne and 3O Ne0], 
respectively. The dashed lines are the calculations in the 
adiabatic limit, while the solid lines take into account the 
finite rotational energy of the core nucleus. We show also 
the reaction cross sections for 30 Ne with the dotted lines. 

As one can see, the results of PRM are similar to 
those in the adiabatic limit for both the configurations 
with (32=0-2 and 0.55. In the adiabatic limit, since each 
component of (j, /, I c ) with different values of I c has the 
same radial wave function, it is the total p 3 / 2 probabil- 
ity, summed with different I c values, that is relevant to 
the halo structure. On the other hand, due to the non- 
adiabatic effect, the wave function [L = + <8> p 3 / 2 ] is 
spatially most extended in the PRM[21j|. For the config- 
uration with (32 = 0.2 and S n = 0.2 MeV, the probability 
for the total p 3 / 2 component is 54.9% in the adiabatic 
limit, which is almost equal to the probability for the 
[0 + ®p 3 / 2 ] component in the PRM, that is, 54.2%. The 
halo structure therefore retains even when the finite ex- 
citation energy is taken into account in the PRM. For 
the configuration with /3 2 = 0.55, on the other hand, the 
total p 3 /2 probability in the adiabatic limit is 25.7% and 
the probability for the [0 + <8>p 3 / 2 ] component in the PRM 
is 2.1 %. Therefore, the halo structure disappears for this 
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FIG. 2: (Color online) The reaction cross sections of 30,31 Ne 
obtained with the particle-rotor model as a function of the 
one neutron separation energy for 31 Ne, S„. The upper and 
the lower panels show the results for the configuration with 
/32=0.2 and 0.55 for 31 Ne, respectively. The dashed lines are 
the calculations in the adiabatic limit, while the solid lines 
are the calculations with the finite rotational energy. The 
dotted lines denote the reaction cross sections for 30 Ne. The 
upper and the lower shaded regions indicate the experimental 
interaction cross sections for 31 Ne and 30 Ne, respectively. 



configuration when the finite rotational energy is taken 
into account [2l|. The small difference between the solid 
and the dashed curves in the lower panel of Fig. 2 reflects 
this fact. Nevertheless, the halo contribution to the reac- 
tion cross section does not seem large in this mass region, 
and the adiabatic approximation still works for the reac- 
tion cross sections. 

In order to see the relation between the halo structure 
and the reaction cross section more clearly, Fig. 3 shows 
the rms radii for those configurations as a function of S n . 
The behaviors of the rms radii are qualitatively the same 
as the reaction cross sections shown in Fig. 2. The rms 
radius is almost constant for /3 2 =0.55 when the finite ro- 
tational energy is taken into account, that is consistent 
with the disappearance of the halo structure. The rms 
radii increase as the one- neutron separation energy, S n , 
decreases for the other cases, indicating the halo struc- 
ture. Notice that in contrast to the rms radii and the 
Coulomb breakup cross section, the reaction cross sec- 
tion is less sensitive to the extended density distribution, 
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FIG. 3: (Color online) The root mean square radii of 30,31 Ne 
as a function of the one neutron separation energy. The mean- 
ing of each line is the same as in Fig. 2. 



since the inner part of the density distribution also con- 
tributes to the cross section. 

The calculated density distribution of 31 Ne for the con- 
figuration with /?2=0.2 and S n =0.2 MeV is shown in Fig- 
ure 4. The dashed and the solid lines are the results for 
30 Ne and 31 Ne, respectively. Since the effects of the fi- 
nite excitation of the core nucleus on the reaction cross 
sections and rms radii are small for this configuration, 
we calculate the density for 31 Nc in the adiabatic limit, 
that is, Nilsson model, which is defined in the body-fixed 
frame. The upper and the lower panels show the density 
distributions in the direction of the symmetry axis of the 
core nucleus 30 Ne and in the direction perpendicular to 
the symmetry axis, respectively. The density distribu- 
tion has an exponentially extended tail, indicating the 
halo structure for this nucleus. Notice that the density 
distribution is proportional to loo (#cn) + (#cn)/v5 for 
the pure p%/2 state with K = 1/2, and it is extended 
more in the direction of the symmetry axis compared to 
the direction perpendicular to it. 

In Figure 2, the calculated reaction cross sections ap- 
pear to reproduce the experimental data for both the con- 
figurations with /?2=0.2 and 0.55. However, the increase 
of the calculated reaction cross section from 30 Ne to 31 Ne 
is much smaller for the configuration with fii = 0.55 than 
with /?2 = 0.2. This is because the probability of the P3/2 
component is much larger at /?2 = 0.2 than at P2 = 0.55. 
Notice that these different p 3 / 2 probabilities stem from 
the Nilsson levels [330 1/2] at /3 2 = 0.2 and [321 3/2] at 
$2 = 0.55 in the adiabatic limit, respectively. The dif- 
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FIG. 4: (Color online) The density distribution for 31 Ne 
with /32=0.2 and S„=0-2 MeV obtained with the adiabatic 
limit of the particle-rotor model, that is, the Nilsson model, 
fen = (# C n,</>cn) is the angle from the symmetry axis of the 
core nucleus. The upper and the lower panels show the re- 
sults in the direction of the symmetry axis of the core nucleus 
30 Ne and in the direction perpendicular to the symmetry axis, 
respectively. 

ference between the reaction cross sections for 31 Ne and 
30 Ne may be approximately identified as the one-neutron 
removal cross section for 31 Ne[32|. 

<7_i„( 31 Ne) ~ <7 fl ( 31 Nc) - a R ( 30 Ne). (17) 

Figure 5 shows the one-neutron removal cross sections for 
31 Ne on the carbon target so obtained as a function of 
the one-neutron separation energy for 31 Ne. The shaded 
region indicates the experimental data with the incident 
energy of 230 MeV/nucleon [Io[. The thick and the thin 
lines are the one-neutron removal cross sections for the 
configuration with ,02=0.2 and 0.55, respectively. The 
dashed and the solid lines are the results in the adiabatic 
limit and with the finite rotational excitation, respec- 
tively. One can clearly see that the results with the con- 
figuration with /32—0.2 reproduces the experimental data, 
while the configuration with /?2=0.55 is inconsistent with 
the experimental one-neutron removal cross section. We 
conclude that the configuration with 02 = 0.2 is a very 
promising candidate for the ground state of the deformed 
halo nucleus 31 Ne, which is consistent with the analysis 
of the Coulomb dissociation cross section of 31 Ne with 
the PRM [2l|. 

We next investigate the deformation dependence of the 
reaction cross sections of 30 ' 31 Ne for the configuration 
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FIG. 5: (Color online) The one-neutron removal cross sections 
of 31 Ne denned as a difference between the reaction cross sec- 
tions for 31 Ne and 30 Ne as a function of the one neutron sep- 
aration energy for 31 Ne, S„. The thick and thin lines are the 
results for the configuration with /?2=0.2 and 0.55 for 31 Ne, 
respectively. The dashed lines are the calculations in the adia- 
batic limit of the particle-rotor model, while the solid lines are 
the calculations with the finite rotational energy. The shaded 
region indicates the experimental one-neutron removal cross 
section for 31 Ne, taken from Ref. flOl. 
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FIG. 6: (Color online) The reaction cross sections for 30,31 Ne 
as a function of the deformation parameter /?2- For 31 Ne, 
the one neutron separation energy is assumed to be S n = 
0.2 MeV, with the configuration corresponding to that in the 
upper panel of Fig. 2. The meaning of each line is the same 
as in Fig. 2. 



which reproduces the experimental data of the reaction 
and the one-neutron removal cross section at P2 = 0.2. 
With the method explained in section IIA, this configu- 
ration remains the ground state in the range of the de- 
formation parameter, 0.17;$ f3 2 <0.33. Given the uncer- 
tainties of the potential parameters, this configuration 
may be the ground state even at around /?2 = 0.4, as 



suggested by the Anti-symmetrized Molecular Dynamics 
(AMD) calculation for 29 " 31 Ne H H|, see Table II in 
Ref. [22[. Figure 6 shows the reaction cross sections for 
30 ' 31 Ne for the separation energy of S n = 0.2 MeV, as 
a function of the deformation parameter in the region 
of 0.2 < /? 2 < 0.4. The dashed line is the result in the 
adiabatic limit, while the solid line is the result with the 
finite rotational energy. The result for 30 Ne is shown with 
the dotted line. The reaction cross sections for 30 ' 31 Ne 
smoothly increase only by about 0.01 b from #2 = 0.2 to 
f3 2 = 0.4 due to the deformation of the core density. This 
may be understood in terms of the deformation depen- 
dence of the rms radius, see e.g., Eq. (1) in Ref. (24|. The 
total P3/2 probability in the adiabatic limit varies from 
54.9% to 57.0% as the deformation parameter changes 
from /?2 = 0.2 to /?2 = 0.4. Consequently, the deforma- 
tion dependence of the reaction cross section of 31 Ne is 
small, as far as the same configuration is concerned ,i.e., 
the Nilsson level [330 1/2] in the adiabatic limit. The ex- 
perimental reaction cross section can thus be reproduced 
within the region of 0.2 < /?2 < 0.4. 



IV. SUMMARY 

We have discussed the reaction cross sections for 
30 ' 31 Ne with the particle-rotor model. Assuming the sys- 
tem with the deformed core nucleus and one valence neu- 
tron for 31 Ne, the finite rotational excitation energy of 
the core nucleus 30 Ne is taken into account. In order to 
calculate the reaction cross section on the carbon tar- 
get, we have used the optical limit approximation of the 
Glauber theory. We have considered two configurations 
with the spin-parity of T* = 3/2~ at /?2 = 0.2 and 0.55 
as candidates for the ground state of 31 Ne, correspond- 
ing to the Nilsson levels [330 1/2] and [321 3/2] in the 
adiabatic limit, respectively. The effect of the finite rota- 
tional energy changes the probability of each component 
in the wave function, especially the proportion of the 
[0 + (8)^3/2] component as well as the [2 + (&P3/2] compo- 
nent. We have found that the non-adiabatic effects on 
the reaction cross sections for these two configurations 
are small, and it is concluded that the Nilsson model 
works reasonably well for the reaction cross section for 
31 Nc. We have also found that the difference of the reac- 
tion cross sections between 31 Ne and 30 Nc is much larger 
for the configuration with P2 = 0.2 than for the configu- 
ration with /?2 = 0.55, leading to a consistent description 
for one-neutron removal cross section for @2 = 0.2. 

Interaction cross sections of Ne isotopes have been 
measured from 20 Ne to 32 Ne by Takechi et al.^. The 
data show a large odd-even staggering for 30 ' 31 > 32 Ne, 
which has been understood in terms of the pairing anti- 
halo effect J3j|. As we have found, the adiabatic ap- 
proximation works well for the reaction cross sections for 
neutron-rich Ne isotopes. It would thus be interesting 
to describe the deformed nucleus 32 Ne with e.g.. the 
Hartrec-Fock-Bogoliubov (HFB) method taking into ac- 
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count the pairing interaction and then evaluate the in- 
teraction cross section in the adiabatic approximation of 
the Glauber theory. A work toward this direction is now 
in progress. 
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